This work employs the regional climate model RegCM4 and observational datasets to investigate the impacts of changes in the intensity and poleward edge of regional HC over South America (HCSA) on the patterns of wind, geopotential height, precipitation, and temperature during the period 1996-2011. Significant trends of HCSA intensification and poleward expansion are found during the period analyzed. To evaluate the effects of these changes over SA, two composites, representing the intensification and poleward expansion cases, are examined separately. Significant correlations are seen between the temperature, zonal wind, and the HCSA intensity over the northern, central, and southern regions of SA and South Atlantic. Results show that, in both composites, regions with anomalous easterly (westerly) winds coming from (towards) the Atlantic Ocean have negative (positive) correlations with the HCSA intensity and poleward edge. The model performance varies regionally and the southern SA region exhibits better agreement with the observations. The role of the sea surface temperatures in driving the changes in the HCSA is examined. Notable similarity is found in the results for the two cases analyzed, which could indicate that, in most cases, the changes in the intensity and poleward edge of the HCSA are occurring simultaneously.
Introduction
The differential heating between the tropics-extratropics results in the formation of a meridional circulation, the Hadley circulation, with warmer air rising in the ascending branch over equatorial areas and colder air sinking over the subtropics in both the Southern and Northern Hemispheres [1] . This circulation is one of the fundamental regulators of the earth's energy budget, transporting heat poleward and, thus, reducing the resulting equator-to-pole temperature gradient.
There has been a recent and growing interest in studying the Hadley Cell (HC) changes in response to global climate change. Most studies have focused on the changes in HC strength and width, with the objective of verifying how these modifications affect the regional and global climates. Observations show that the HC has widened by about 2 ∘ -5 ∘ since 1979 and this observed widening cannot be explained by natural variability [2] . This widening and the concomitant poleward displacement of the subtropical dry zones may be accompanied by large-scale drying near 30 ∘ N and 30 ∘ S. As well, idealized and comprehensive global circulation models have shown a widening of the HC in response to increases in greenhouse gases and changes in the thermal structure of the polar stratosphere [3, 4] .
Quan et al. [5] found consistent evidence for an intensification of the Northern Hemisphere winter HC since 1950, as an atmospheric response to the observed tropical ocean warming trend, together with the intensification in El Niño's interannual fluctuations, including larger amplitude and increased frequency after 1976. However, a similar trend of an intensified southward overturning HC is not detected during the Southern Hemisphere winter. The authors stated that this can indicate that such an ocean-atmosphere feedback process has been much weaker or has not even existed over the South Pacific Ocean during the southern winter since 1950.
Most of the studies cited above are focused on the investigation of the changes in the zonal mean HC, whereas the modifications in the regional HCs are still lesser known. As land, sea, and topography are not evenly distributed, changes 2 Advances in Meteorology in the HC should be different in various regions [6] . Although the HC is referred to in some studies as a global symmetric zonally meridional circulation [7] , it is possible to analyze its impact and variability in a regional level. However, it is good to highlight that, in this case, the atmospheric circulations may not be closed cells, in particular if we also consider the rotational component of wind [8] .
Some studies have demonstrated that alterations in regional HCs could have an important influence on the anomalies of the regional climates. Ambrizzi et al. [9] analyzed the influence of the El Niño-Southern Oscillation (ENSO) events on the regional Hadley and Walker cells and their respective impacts on the South American seasonal rainfall. As not all ENSO events follow a canonical pattern, the authors demonstrated that, depending on the conditions of the Atlantic Sea Surface Temperature (SST) anomalies, the position of the Intertropical Convergence Zone (ITCZ) can be modified, the ascending and descending branches of the related regional HC may vary, and the South American rainy season may be strongly affected. Chen et al. [6] investigated long-term trends in the intensity and poleward edge of the regional HCs in six selected regions using six reanalyses, Outgoing Longwave Radiation (OLR), and precipitation datasets. In the Southern Hemisphere (SH), the authors found a significant poleward expansion trend of the HC localized over the South America, with significant impact on precipitation anomalies in this region. The results found by the authors also indicated that the poleward expansion of the zonal mean HC, identified by several studies, could be attributed mainly to the poleward expansion of the regional HC over South America. Zeng et al. [10] demonstrated that changes in the HC intensity in the western and eastern Pacific are associated with anomalous East Asian winter monsoon. Thus, changes in regional HCs are of great importance for the regional climate variability [6] .
In the present study, composite analyses are performed to examine the impact of the changes in intensity and poleward edge of the regional HC over South America on the patterns of wind, geopotential height, precipitation, and temperature during the 1996-2011 period. This is addressed using mainly the regional climate model version 4 (RegCM4) [11] and the Era-Interim reanalysis [12] of European Centre for Medium Range Forecasting (ECMWF).
The studies about regional HCs cited above used observational datasets. Thus, as far as we know, little attention has been paid to the investigation of the impacts of changes in regional HCs using regional climate modelling. It is important to assess the performance of the regional climate models in simulating local anomalies associated with changes in regional HCs. Local changes in temperature and precipitation could be quite different from the coarse-scale changes projected by global models. Thus, this assessment may prove very useful in the search to understand the future of these circulations in a changing climate and the local anomalies associated.
Details of the model and simulation are given in the Sections 2.1 and 2.2. In Section 2.3, we describe our methodology and show how we set up the composites that represent changes in the intensity and poleward edge of regional HC over South America. We investigate the impacts of the regional HC intensification in Section 3, whereas, in Section 4, the impacts of the regional HC poleward expansion are examined. Finally, conclusions highlighting the main results of the paper are given in Section 5.
Methodology
2.1. RegCM4 Details. Giorgi et al. [11] described the RegCM4 model details, so we give only a brief overview here. RegCM4 is an evolution of its previous version, RegCM3, described by Pal et al. [13] . Thus, it is a hydrostatic, compressible, sigmap vertical coordinate model run on an Arakawa B-grid in which wind and thermodynamical variables are horizontally staggered. A time-splitting explicit integration scheme is used in which the two fastest gravity modes are first separated from the model solution and then integrated with smaller time steps. This allows the use of a longer time step for the rest of the model.
Radiative transfer calculations in RegCM4 are carried out with the radiative transfer scheme of the global model CCM3 [14] . This includes calculations for the short-wave and infrared parts of the spectrum, including both atmospheric gases and aerosols. The scheme includes contributions from all main greenhouse gases, that is, H 2 O, CO 2 , O 3 , CH 4 , N 2 O, and CFCs, and solar radiative processes are treated using a delta-Eddington formulation. Scattering and absorption of solar radiation by aerosols are also included based on the aerosol optical properties (absorption coefficient and single scattering albedo).
Land surface processes are described via the BiosphereAtmosphere Transfer Scheme (BATS) of Dickinson et al. [15] . This scheme, which has been used for many years, includes a 1-layer vegetation module, a 1-layer snow module, a forcerestore model for soil temperatures, a 3-layer soil scheme, and a simple surface runoff parameterization. The scheme includes twenty surface types and twelve soil color and soil texture types.
RegCM4 includes three options for representing cumulus convection. The first is a simplified version of the Kuo-type scheme of Anthes [16] , as described by Anthes et al. [17] , the second is that of Grell [18] in the implementation of Giorgi et al. [19] , and, the third, which is the so-called Massachusetts Institute of Technology (MIT) scheme [20] , is introduced in the RegCM3 by Pal et al. [13] .
Simulation Details and Observed Data.
The daily data with 6-hourly temporal resolution used to run the model are obtained from the RegCM4 data website (http://users.ictp.it/ ∼pubregcm/RegCM4/globedat.htm). The model version used here is the 4.3.5.7. The lateral meteorological boundary conditions are provided by the Era-Interim reanalysis of ECMWF [12] . The Weekly Optimum Interpolation Sea Surface Temperature (OI WK) version 2 [21] of National Oceanic and Atmospheric Administration (NOAA), which is available weekly on a 1.0 ∘ × 1.0 ∘ grid, is used to force the model. Table 1 shows the technical details of the simulation performed Ocean flux scheme (iocnflx) 2-Zeng et al. [44] including the simulation domain. The model is run for the period 1995-2011. The first year is discarded to avoid problems related to the spin-up. The Kuo-type cumulus parameterization is used here. In this scheme, convection is triggered in a convectively unstable low troposphere when the column moisture convergence exceeds a threshold value [11] . Some studies found that the Kuo scheme produces satisfactory seasonal and annual precipitation [22, 23] . We will show that this scheme could reasonably reproduce the precipitation anomalies, especially in the southern region, associated with the modifications in the HC over South America.
The Era-Interim monthly data, the Global Precipitation Climatology Centre dataset (GPCC) (GPCC dataset is available on http://www.esrl.noaa.gov/psd/data/gridded/data.gpcc .html) [24] , and the SST monthly mean data of the Hadley Centre Global Sea Ice and Sea Surface Temperature (HAD-ISST) (HADISST dataset is available on http://www.metoffice .gov.uk/hadobs/hadisst/data/download.html) [25] are used for validation of the model results.
Methods.
Horizontal wind field can be expressed by the sum of a nondivergent (or rotational) component and a divergent (or irrotational) component [26, 27] :
where is stream function and is velocity potential. The divergent component is fundamental to study the atmospheric divergence-convergence that drives the vertical motion and circulation in the tropics [28] .
The methodology used here to define the intensity index and poleward edge of the regional HC is similar to Chen et al. [6] . The regional HC intensity is defined through an index based on the vertical shear of divergent meridional winds at 200 hPa and 850 hPa, whereas the poleward edge of the regional HC is identified as the latitude where the OLR is equal to 240 W m −2 (found through linear interpolation). The OLR data is obtained from the Climate Diagnostics Center of the National Oceanic and Atmospheric Administration (NOAA-CDC) (OLR data is available on http://www .esrl.noaa.gov/psd/data/gridded/data.interp OLR.html) in a 2.5 ∘ × 2.5 ∘ grid [29] . Annual means are constructed by averaging the monthly data from January to December.
Initially, two domains are selected for the regional HCs: the South America (80 ∘ W-45 ∘ W) and Atlantic Ocean (38 ∘ W-10 ∘ E) regions. The regional HCs in these locations can have an important influence on synoptic weather and climate systems [6] . The annual mean of the intensity index for the regional HC over South America (hereafter denoted as HCSA) is defined as the difference in the area-averaged (80
∘ S-0) divergent meridional winds between 200 hPa and 850 hPa. This latitudinal band is chosen according to the climatological distributions of divergent winds (Figure 1(a) ). Definition of the intensity index for the regional HC over Atlantic Ocean (hereafter denoted HCAO) is similar to those of the HCSA, except that the divergent meridional winds are averaged over 38 (Figure 1(b) ). Chen et al. [6] conducted a series of tests and found that the result does not change much if other latitudinal bands are used.
The normalized time series for the annual mean HCSA intensity index (Figure 2 It is worth highlighting that we are using the Era-Interim reanalysis data to calculate the intensity index. This dataset is chosen since it is the latest global atmospheric reanalysis produced by ECMWF and, thus, incorporates many important model improvements such as resolution and physics changes, the use of four-dimensional variational data assimilation, and various other changes in the analysis methodology [30] . Several studies found that Era-Interim has the best performance among reanalysis datasets [31, 32] . Also, some studies found that the performance skills of the RegCM driven by EraInterim are better than by other reanalyses [33, 34] .
As mentioned earlier, the HCSA poleward edge is defined by the latitude where the OLR annual mean is equal to 240 W m the HCSA poleward edge. The normalized time series of the annual mean HCSA poleward edge (Figure 2(b) ) presents a significant negative trend (−0.13 degrees of latitude year −1 ), which indicates a poleward expansion of the HCSA. Thus, cases of HCSA poleward expansion are selected based on the years that present HCSA normalized poleward edge equal to or less than −1 in the period 1996-2011. The HCSA poleward expansion cases are 1996, 2008, 2010, and 2011. Interestingly, these three last years are also part of the HCSA strong cases. Figure 3(b) shows the HCSA anomaly for these poleward expansion cases. It is possible to note an ascending branch from 0 to 5 ∘ N and a descending branch around 35 ∘ S. Here, as expected, the descending branch is stronger and is shifted towards the pole (Figure 3(b) ) compared to the HCSA strong cases (Figure 3(a) ). However, the ascending branch is weaker (Figure 3(b) ) than for the HCSA strong cases (Figure 3(a) ). Therefore, an intense upward motion, which induces more divergence in the upper troposphere, distinguishes a HCSA strong case, whereas a HCSA poleward expansion case is characterized by a strong and poleward shifted descending branch.
The normalized time series for the annual mean HCAO intensity index also shows a significant negative trend (−0.13 year −1 ) (Figure 4(a) ), but only the years 2008 and 2010 presented HCAO normalized intensity index equal to or less than −1 in the period 1996-2011. Moreover, the observed trend for the annual mean HCAO poleward edge normalized time series (−0.11 year −1 , value = 0.04) (Figure 4(b) ) is not as significant as the HCSA poleward edge trend (−0.13 year −1 , value = 0.01). Therefore, we will focus on the impacts of the HCSA intensification and poleward expansion on the horizontal wind, precipitation, temperature, and geopotential height fields over South America. However, this investigation also encompasses the Ocean Atlantic region. The performance of the regional climate models varies greatly depending on the combination of physical parameterization schemes, simulation region, boundary conditions, and the horizontal resolution [18, 20] . The skill of the RegCM4 over different regions covering the South America and Atlantic Ocean ( Figure 5 ), during the 1996-2011 period, is evaluated quantitatively by analyzing the root mean square error (RMSE), bias, and spatial correlation coefficient of the simulation in relation to observations for the annual mean anomalies. We selected the regions in which the impacts of the HCSA intensification and poleward expansion are more prominent. The RMSE measures the overall magnitude of deviations regardless of their individual signs, while the bias measures systematic or predominant deviations in given directions [35] . The closer the values of RMSE and bias get to zero, the better the agreement between observed and simulated data is. The RMSE is calculated according to (2) , where and are the anomalies of the model and the observations, respectively. The summation is carried out over grid points in a predefined region. The bias and the spatial correlation coefficient are calculated according to (3) and (4), respectively. Consider
Impacts of the HCSA Intensification
The vertical velocity and the divergent winds are the main fields analyzed when the regional HC is studied. However, Table 2 : Area averaged root mean square error (RMSE) and bias and spatial correlation coefficient (CC) for the zonal wind (m s −1 ) at 200 hPa (ZW200) and 850 hPa (ZW850), geopotential height (m) at 500 hPa (GH), and air temperature (K) at 925 hPa (AT) anomalies for HCSA strong cases over the first four regions of Figure 5 . Region  RMSE  BIAS  CC  ZW200  ZW850  GH  AT  ZW200  ZW850  GH  AT  ZW200  ZW850  GH  AT  1 
, and (7) all South America (80
there is a remarkable impact of the changes in the HC on the horizontal winds at low and high troposphere, as they are linked to the vertical movement of the air. Indeed, the trade winds are the expression of the HC at surface. Figure 6 shows the anomalies of the annual mean horizontal wind at 200 and 850 hPa for the HCSA strong cases based on the Era-Interim reanalysis and the model simulation. Strong anomalous easterly winds coming from the Atlantic Ocean are seen over the northern South America (SA) at 200 hPa in the reanalysis ( Figure 6(a) ) and, especially, in model simulation ( Figure 6(c) ), which exhibits a positive bias (0.12) for the zonal wind in this region (Table 2) . When entering the mainland, these winds rotate counterclockwise. Strong anomalous easterly winds coming from the Atlantic also hits the southeast of the continent and, then, they rotate The three regions (northern, central, and southern) with significant correlations seen in Figure 8 (a), and the entire domain considered in the composite analyses, were selected for evaluation of model performance in reproducing the anomalies of zonal wind, geopotential height, and temperature ( Figure 5 ). are found mainly in the northern and southern SA and when we consider the entire domain (region 4 of Figure 5 ). Thus, at 200 hPa, the central region of SA exhibits weaker agreement between the model and observation for the zonal wind anomalies. Table 2 shows that the model underestimates the zonal wind anomalies in this region (bias = −0.67). As well, Figures 6(c) and 7(b) show that the model simulates a strong anticyclonic anomalous circulation in the centralwestern region. Interestingly, at 850 hPa, the central region of SA exhibits the lowest value of RMSE and bias (0.18 and 0.02, resp.), but the spatial correlation is only 0.5. Mid-and uppertropospheric winds influence low-level circulations; thus, the biases in low and high levels are somewhat connected. Increasing resolution can improve the results in the central region of SA, due to better representation of orography in this region in a high-resolution simulation. The highest spatial correlation for the zonal wind anomalies at 850 hPa is found in the southern SA (0.88). The geopotential height is the variable that exhibits the highest values of RMSE and bias (mostly greater than 1) for all regions ( Table 2 ). The lower values of RMSE and bias are found in the northern and southern SA, but the spatial correlation is weaker in the northern and stronger in the southern. Figure 9 shows the annual mean temperature anomalies for HCSA strong cases. The reanalysis data presents significant positive anomalies on a great part of northern SA and equatorial Atlantic, whereas the negative anomalies are found over the east Pacific around 20 ∘ S (Figure 9(a) ). The model shows significant positive anomalies only over the northeast edge of SA and over the equatorial Atlantic (Figure 9(b) ). Indeed, the model underestimates the temperature anomalies in the northern region, as indicated by the bias value in this region (−0.11, Table 2 ). A positive (negative) bias in surface air temperature is associated with a negative (positive) bias in precipitation, as an underestimation (overestimation) of precipitation is usually associated with an underestimation (overestimation) of clouds, which enhances (reduces) the net short-wave radiation budget at surface, and consequently enhances (reduces) the net energy budget at surface [36] . Indeed, the model exhibits a positive bias (0.19) for the precipitation anomalies in the northern region. The lowest (highest) value of the RMSE (correlation) for the annual mean temperature anomalies is found in the southern region, indicating a good agreement between the model and observation. Figure 10 displays the correlation between the HCSA annual intensity index and the annual mean temperature in the period 1996-2011. As in Figure 8 SA and South Atlantic (Figures 10 and 8) . Then, we can state that a cold trough is observed in the central regions of SA and South Atlantic and a warm ridge is seen over the southern SA and South Atlantic around 50 ∘ S when the HCSA strengthens (Figures 7, 8, and 10) .
The significant positive temperature anomalies seen on a great part of northern SA (Figure 9(a) ) indicates a strengthening of the Amazon heat source, which is linked to a strong HCSA ascending branch. On the other hand, the temperature anomalies seen over the Atlantic Ocean and eastern Pacific (Figure 9 ) are closely related to the SST anomalies for the HCSA strong cases (Figure 11 The Pacific Walker circulation for the HCSA strong cases (Figure 12(b) ) shows some anomalous features compared to the climatology (Figure 12(a) ), which are also seen during La Niña events [9] . For instance, around 180 ∘ intense subsidence is seen, whereas in the eastern Pacific (around 90 ∘ W) the downward motion is weaker (Figure 12(b) ). Upward motion is observed in the western Pacific (around 130 ∘ E), as also seen in the climatology (Figure 12(a) ).
The strong ascending branch of the Walker circulation over northern SA (around 70 ∘ W) is seen in the climatology (Figure 12(a) ) and also for the HCSA strong cases (Figure 12(b) ). Anomalous upward motion is also seen along the Atlantic basin (strongest at higher levels) (Figure 12(b) ), due to positive SST anomalies from 0 to 20 ∘ N ( Figure 11 ). These positive SST anomalies, centered at 15 ∘ N, are associated with the weakening of the northern trade winds (Figure 6(b) ), which usually blow southwestward toward the equator. On the other hand, the trade winds on the equator intensify ( Figure 6(b) ). These features seem to be related to a "new-type" Atlantic Niños events described by Richter et al. [37] . During "normal" Atlantic Niños, ocean temperatures warm up right on the equator due to the weakening of the surface winds. On the other hand, during the "newtype, " positive SST anomalies are found north of the equator due to the weakening of the northern trade winds and the strengthening of the westward-directed winds on the equator. We can also see that the anomalous ascending branch of the HCSA is shifted northward (Figure 3(a) ) compared to the climatology (Figure 1(a) ) due to these positive SST anomalies found north of the equator.
The maximum of the annual total rainfall observed over SA, during the period 1996-2011, occurs mainly over the northern region from 7 ∘ N to 10 ∘ S and over the south of Brazil (figure not shown). The importance of the ENSO in modulating South American precipitation is well known through its associated changes in atmospheric circulation [38] . The SA rainfall distribution during La Niña events seen in the summer and autumn seasons is characterized by above average precipitation in the north and northeast part of SA and below normal values in the southern part of the continent [9] . Figure 13 shows that the annual anomalous rainfall distribution, during the HCSA strong cases analyzed, follows approximately the La Niña canonical impacts, especially over the south of Brazil and Uruguay (negative rainfall anomalies), but also presents the influence of the positive SST anomalies in Atlantic ("new-type" Atlantic Niños), especially over the edge of northeast SA (mostly negative rainfall anomalies).
Thus, the main regions of SA affected by the precipitation anomalies, which were selected for model evaluation, are the southeast, which encompasses the south of Brazil, Uruguay, and Argentina (region 5 of Figure 5 ), and the northeast (region 6 of Figure 5 ). Figure 13 and Table 3 show that the model overestimates the negative rainfall anomalies (bias = 0.11) over the southeast SA. However, this region presents the highest correlation between the model and observation (0.74). On the other hand, Figure 13 and Table 3 show that the rainfall anomalies observed in the northeast SA are underestimated by the model (bias = −0.10). When we consider all SA (region 7 of Figure 5 ), it is possible to note in Table 3 a weaker agreement between the model and observation for the precipitation anomalies (higher values of RMSE and absolute bias and lower value of correlation). Particularly, Figure 13 shows a weaker agreement between the model and observation in the region of Andes cordillera, indicating an overestimation of the precipitation, which is also documented in several studies (e.g., [39, 40] ). The complex topography of the Andes with a high degree of convective precipitation provides a particularly difficult challenge for model performance. Besides, the Andes region is characterized by very sparse data availability, which is one of the major shortcomings for evaluating model performance over the South American continent. Increasing the model resolution can improve the results. Rojas [40] found that, for climate change studies, the horizontal resolution required to reproduce adequate rainfall patterns over the central Andes region is around 30 to 40 km. Also, it is important to remember that these model results are sensitive to the choice of the convective scheme. In this paper, the Kuo scheme was chosen, but Fernandez et al. [39] found that the precipitation is in general better simulated with the Grell scheme than the Kuo scheme.
Chen et al. [6] found disagreements in the regional HCs intensity trends among six different reanalyses (Era-Interim, ERA-40, NCEP1, NCEP2, JRA25, and 20CR). For the HC over SA, the authors showed that all six reanalyses present an intensification trend, although not all are statistically significant. The authors also found high correlation values for the intensity index of the HC over SA between the EraInterim and ERA-40 and NCEP2 and JRA25 reanalyses (0.89, 0.76, and 0.64, resp.), whereas lower correlation values are seen with the 20CR and NCEP1 reanalyses (0.47 and 0.42, resp.). It is worth remembering that these both reanalyses (20CR and NCEP1) present some well-known issues. In the 20CR, only surface pressure observations are assimilated, and, therefore, there is a potential for large differences, especially in vertical structure, between this dataset and other reanalyses. On the other hand, in the NCEP1 reanalysis, the potential for differences rises due to the change in quantity and spatial coverage of the observed data, especially from the beginning of the major satellite era. Thus, the results found here for the HCSA intensification present some sensitivity to the reanalysis used. However, we believe that they are reliable, as the Era-Interim represents a newer-generation reanalysis that incorporates many important model improvements and, according to several studies (e.g., [31, 32] ), has the best performance among reanalysis datasets. Figure 14 shows the anomalies of the annual mean horizontal wind at 200 and 850 hPa for the HCSA poleward expansion cases based on the Era-Interim reanalysis and model simulation. Here, as for the HCSA strong cases, anomalous easterly winds coming from the Atlantic Ocean are seen over northern SA at 200 hPa in the reanalysis (Figure 14(a) ) and model simulation (Figure 14(c) ). These anomalous winds present in northern SA are weaker compared to those seen for HCSA strong cases (Figures 6(a) and 6(c) ). Around 40 ∘ S, strong anomalous winds for HCSA poleward expansion cases are observed coming from the Atlantic Ocean and hitting the southeast SA (Figures 14(a) and 14(c) ). However, when entering the mainland these winds become weaker and rotate clockwise. This results in a significant anomalous trough, which is seen in reanalysis and model simulation at 200 hPa (Figure not shown) and 500 hPa over the central region of SA ( Figure 15 ). The center of this trough is over the central Atlantic basin, where the anomalous easterly winds are stronger (Figures 14(a) and 14(c) ). This trough is more intense compared to that seen for the HCSA strong cases (Figure 7) .
Impacts of the HCSA Poleward Expansion
The anomalous wind pattern at 850 hPa is characterized by the weakening of the trade winds around equator and a counterclockwise circulation in the South Atlantic around 50 ∘ S in the reanalysis (Figure 14(b) ) and simulation ( Figure 14(d) ). This counterclockwise circulation results in a significant anomalous ridge, which is observed at 850 hPa (Figure not shown) and at 500 hPa over the southern SA and especially over the southern of Atlantic basin, in the reanalysis and simulation ( Figure 15 ). Strong anomalous westerly winds coming from the eastern Pacific cross the southern SA (Figures 14(b) and 14(d) ) and contribute to the formation of this ridge. This ridge is more intense over the southern SA and Atlantic Ocean compared to that seen for the HCSA strong cases ( Figure 7 ) and is associated with the robust descending branch of the HCSA (Figure 3(b) ).
The correlation between the HCSA annual poleward edge time series and the annual mean zonal wind at 200 and 850 hPa in the period 1996-2011 is displayed in Figure 16 . The correlation signs (positives and negatives) are the same observed for the HCSA strong cases (Figure 8) 
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∘ S) and two other regions with significant positive correlations (over the southern SA and the central area of South Atlantic) (Figure 16(a) ). The model simulation presents smaller and not significant correlations for the central areas of SA and South Atlantic (Figure 16(c) ). The correlation map at 850 hPa shows regions with significant positive and negative correlations over the southern SA and over the south of Brazil and south of Atlantic around 15 ∘ W, respectively, in the reanalysis and model simulation (Figures 16(b) and 16(d) ). Here, as also seen for the HCSA strong cases, regions with Table 4 : Area averaged root mean square error (RMSE) and bias and spatial correlation coefficient (CC) for the zonal wind (m s −1 ) at 200 hPa (ZW200) and 850 hPa (ZW850), geopotential height (m) at 500 hPa (GH), and air temperature (K) at 925 hPa (AT) anomalies for HCSA poleward expansion cases over the first four regions of Figure 5 . Region  RMSE  BIAS  CC  ZW200  ZW850  GH  AT  ZW200  ZW850  GH  AT  ZW200  ZW850  GH  AT  1 anomalous easterly (westerly) winds coming from (towards) the Atlantic Ocean have negative (positive) correlations with the HCSA poleward edge. Table 4 shows that, for the zonal wind anomalies at 200 hPa, the northern SA exhibits weaker spatial correlation between the model and observation (0.72), although the values of RMSE and bias (absolute value) are the lowest compared to the other regions. The central region exhibits the highest values of RMSE and bias for the anomalies of zonal wind at 200 hPa and geopotential height at 500 hPa, whereas the opposite is found for the zonal wind anomalies at 850 hPa. Theses aspects were also verified for the HCSA strong cases ( Table 2 ). The southern SA exhibits the highest spatial correlation for the anomalies of zonal wind at 200 and 850 hPa and geopotential height at 500 hPa (0.96, 0.97, and 0.99, resp.). As well, these correlation values are greater than for the HCSA strong cases. Table 4 shows that the model underestimates the temperature anomalies in the northern region (bias = −0.13). As well, this region exhibits the highest values of RMSE and bias (absolute value) and the lowest value of correlation, indicating a weaker agreement between the model and observation compared to the other regions. It is worth remembering that the observational data are likely affected by significant uncertainties, particularly in remote areas of the Amazon basin, and this makes a rigorous model assessment over this region rather difficult. Moreover, local processes involving land-atmosphere interactions influence the surface climate of the Amazon basin; thus, the treatment of surface processes is crucial [11] . On the other hand, the southern region exhibits good agreement between the model and observation, with low values for RMSE and bias and high values for spatial correlation. The temperature anomalies for the HCSA poleward expansion cases seem to be very similar to those found for the strong cases; however, there are differences in the statistically significant regions and/or the anomalies intensity. Compared to the HCSA poleward expansion cases, years that present HCSA intensification show significant positive anomalies over a great part of the northern region, reduced anomalies over the southern SA and the central area of the South Atlantic, and more intense positive anomalies over the northern regions of SA and South Atlantic (Figure 9(a) ).
From the combination of Figures 15 and 17 , one can conclude that a strong cold trough is observed in the central regions of SA and South Atlantic and a strong warm ridge is seen over the southern SA and South Atlantic around 50 ∘ S when the HCSA expands poleward. Here, as mentioned earlier, the trough and the ridge are more intense than for the HCSA strong cases (Figure 7) . Figure 18 displays the correlation between the HCSA annual poleward edge time series and the annual mean temperature at 925 hPa in the period 1996-2011. This figure is similar to Figure 10 , which shows the correlation between the HCSA intensity and the annual mean temperature at 850 hPa. However, the results show that in the HCSA strong cases, high correlations are seen over the northern regions of SA and South Atlantic (above 0.6). The correlations are smaller over these regions in the HCSA poleward expansion cases.
The temperature anomalies seen over the Atlantic Ocean and eastern Pacific (Figure 17 ) are connected with the SST anomalies for the HCSA poleward expansion cases ( Figure 19 ). The La Niña pattern is also observed in the Pacific region, but with greater intensity in the equatorial region and weaker anomalies in the eastern Pacific around 20 ∘ S compared to the HCSA strong cases (Figure 11 ). Due to these facts, the Pacific Walker circulation here presents weaker downward motion in eastern Pacific (around 90 ∘ W), stronger upward motion in western Pacific (around 130 ∘ E), and more intense subsidence around 180 ∘ compared to the HCSA strong cases (Figures 12(b) and 12(c) ). The HCSA poleward expansion cases are 1996, 2008, 2010, and 2011 years. The three last years are common to both composites that represent the HCSA intensification and poleward expansion. Thus, the 1996 year is the differential for the HCSA poleward expansion composite and a La Niña event was also observed during 1995-1996 (Historical ENSO episodes (1950-present) http://www.cpc.noaa.gov/products/analysis monitoring/ensostuff/ensoyears.shtml).
Over the Atlantic Ocean, positive SST anomalies are now seen from 20 ∘ S to 20 ∘ N. Thus, here we see a southward extension and reduced intensity at the north of equator of the positive SST anomalies compared to HCSA strong cases (Figures 11 and 19) . The HCSA ascending branch for poleward expansion cases is weaker compared to the intensification cases, probably associated with reduced temperature anomalies over northern SA (Figure 17(a)) ; however, the descending branch is stronger and shifted poleward, as expected (Figures 3(a) and 3(b) ). The ascending branch of the Walker circulation for HCSA poleward expansion cases over the northern SA (around 70 ∘ W) is also weaker compared to the strong cases; however, the anomalous upward motion seen along the Atlantic basin is stronger (Figures 12(b) and 12(c) ), due to the southward extension of the positive SST anomalies (Figures 11 and 19 ). This southward extension is associated with the weakening of the trade winds on the equator ( Figures  14(b) and 14(d) ), in contrast to their intensification in the HCSA strong cases (Figure 6(b) ).
The annual anomalous rainfall distribution, during the HCSA poleward expansion cases analyzed ( Figure 20 ) is similar to that seen for strong cases ( Figure 13 ). However, it follows more closely the La Niña canonical impacts, due to the influence of the southward extension of the positive SST anomalies in Atlantic, especially over the edge of northeast SA (mostly positive rainfall anomalies) (Figure 20(a) ). Chen et al. [6] found that when the poleward edge of the regional HC is located to the south of its climatological location, significant descending motion and negative precipitation anomalies can be observed over the regions to the south of the respective regional HC climatological poleward edge. The significant descending motion around 35 ∘ S can be seen in Figure 3 (b) and the negative precipitation anomalies associated are observed over southeast (south of Brazil, Uruguay, and Argentina) and southwestern coast of SA (from 35 ∘ to 45 ∘ S) in Figure 20 . The model overestimates the negative rainfall anomalies over south of Brazil and southwestern coast of SA (from 33 ∘ to 45 ∘ S). However, Table 5 shows that the highest spatial correlation between the model and observation is found in the southeast of SA. In the northeast SA (region 6 of Figure 5 ), the observed rainfall anomalies are underestimated by the model (bias = −0.14), as seen for the HCSA strong cases. As well, in this region is found the lowest correlation between the model and observation. Several studies found that the performance of the regional climate models varies regionally and there is no single parameter setting that performs best in all domains tested [11, 39] . Therefore, the models must be adequately tuned in order to give reliable predictions in the different regions of SA [39] . In both cases (intensification and poleward expansion of the HCSA), the best combination of low values for RMSE and bias (absolute value) and high values for spatial correlation are found in the southern region for the anomalies of zonal wind, geopotential height, and temperature. The precipitation anomalies were reasonably reproduced by the model in the southeast region. This indicates that the southern SA exhibits good agreement between the model and observations. Therefore, the current model setup is considered satisfactory for application in future climate studies in this region.
Discussion and Conclusions
This paper investigated the impacts of changes in the intensity and poleward edge of regional HC over SA on the patterns of wind, geopotential height, precipitation, and temperature using the regional climate model (RegCM4) and observational datasets during the 1996-2011 period.
Several studies indicate a weakening and poleward expansion of the zonal HC in a global warming scenario [4, 41] . However, the changes in the regional HC can be different and they are still lesser known. As well, zonally averaged changes may reflect strong regional circulation changes.
Our results have shown that, during the 1996-2011 period, there are trends of intensification and poleward expansion of the HCSA. Therefore, composites were constructed to evaluate the impacts of these changes in the HCSA on the patterns of wind, geopotential height, precipitation, and temperature. Significant correlations are seen between the temperature, zonal wind, and the HCSA intensity over the northern, central, and southern regions of SA and South Atlantic. Results have also shown that, in both composites, regions with anomalous easterly (westerly) winds coming from (towards) the Atlantic Ocean have negative (positive) correlations with the HCSA intensity and poleward edge.
In summary, the following outcomes have been seen for the HCSA strong cases analyzed: (i) A cold trough in the central regions of SA and South Atlantic and a warm ridge over the southern SA and South Atlantic around 50 ∘ S.
(ii) An intense ascending branch of the Hadley and Walker circulations, due to Amazon heat source intensification.
(iii) A La Niña pattern in the equatorial Pacific region and a "new-type" Atlantic Niño with positive SST anomalies centered at 15 ∘ N due to the weakening of the northern trade winds and strengthening of the trade winds on the equator.
(iv) Annual anomalous rainfall distribution following approximately the La Niña canonical impacts, but also presenting the influence of the positive SST anomalies in Atlantic, especially over the edge of northeast SA (mostly negative rainfall anomalies).
The following outcomes have been seen for the HCSA poleward expansion cases compared to the strong cases analyzed:
(i) A stronger cold trough in the central regions of SA and South Atlantic and a stronger warm ridge over the southern SA and South Atlantic around 50 ∘ S.
(ii) A weaker ascending branch and a stronger and shifted poleward descending branch of the HCSA.
(iii) A weaker ascending branch over the northern SA and an anomalous upward motion seen along the Atlantic basin for the Walker circulation.
(iv) A stronger La Niña pattern in the equatorial Pacific region and a southward extension of the positive SST anomalies in the Atlantic due to weaker trade winds on the equator.
(v) Annual anomalous rainfall distribution following more closely the La Niña canonical impacts due to the influence of the southward extension of the positive SST anomalies in Atlantic, especially over the edge of northeast SA (mostly positive rainfall anomalies).
The performance of the RegCM4 in simulating the climate anomalies over different regions of SA, associated with changes in the HCSA, was assessed. The results have shown that, in general, the model is capable of simulating the main features of the circulation anomalies associated with the intensification and poleward expansion of the HCSA. The performance of the model varies regionally and the southern SA exhibited better agreement between the model and observations for the anomalies of zonal wind, geopotential height, and temperature in the 1996-2011 period. The precipitation anomalies were reasonably reproduced by the model in the southeast region. Studies have shown that the regional climate models show a significant sensitivity to different parameterizations and parameter settings, which can be used to optimize the model performance over different regions. Thus, further studies using other cumulus parametrization, different domain size, and period of simulations will be pursued in the future.
It is important to highlight that the composites representing the HCSA intensification and poleward expansion are different by only one year. This is why notable similarity is found in the results for the intensification and poleward expansion cases, which could indicate that, in most circumstances, the changes in the intensity and poleward edge of the HCSA are occurring simultaneously.
The main differences between the results for the intensification and poleward expansion cases are seen in the statistically significant regions and/or anomalies intensity. The changes in the SST anomalies between the cases help to explain these differences. However, it is always important to have in mind that many mechanisms and interactions can be responsible for controlling the intensity and poleward edge of the regional HC. This is an issue of continually growing knowledge due to complexity of the coupled oceanatmosphere-land system. We hope that this paper contributes to a better understanding about the local impacts of the changes in regional HC and helps to develop insights into the mechanisms that lead to these spatially heterogeneous changes and into the future of this circulation in a changing climate.
